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Introduction
During the last decades, sugar-glass matrices attracted a growing interest in the biotechnology community for their ability to stabilize labile proteins, including therapeutic polypeptides, and optimize their storage at room temperature in the solid state [1] [2] [3] [4] . Among other saccharides, trehalose (-D-glucopyranosil -D-glucopyranoside) forms, upon dehydration at room temperature (RT), glassy matrices which outstandingly protect the hosted protein against denaturation induced by freezing, heating, and drying (see trehalose structure in Fig. 1A ). In nature, the bioprotective action of trehalose and other disaccharide glasses is used by several organisms able to survive for long periods (up to years) extreme draught and high temperatures by preserving the structural integrity of their cellular structures, while reversibly arresting their metabolism (anhydrobiosis) [5, 6] . [25, 28, 30] for review.
A The lifetime for the primary charge separation was detected under conditions of the RC chlorophylls' preferential excitation [7] .
Although the molecular details of the protein-matrix dynamical coupling are still debated [8, 9] , it is now well established that the extreme stabilization of proteins incorporated into trehalose glasses stems from the dramatic hindering of internal protein dynamics, which prevents loss of the native structure [10] . In particular, in dried trehalose-carboxy myoglobin glasses, Mössbauer and neutron scattering [11, 12] , together with molecular dynamics simulations [13] , demonstrated a strong reduction of the large-amplitude anharmonic motions associated with thermal interconversion among conformational substates. Additionally, the dynamics of the trehalose matrix and of the protein were found to be hindered in parallel when the content of residual water in the system was decreased.
A C C E P T E D M A N U S C R I P T ACCEPTED MANUSCRIPT

4
When investigating the relationships between protein dynamics and function, the capability of dehydrated trehalose-water matrices of tuning the internal protein motions at room temperature offers distinctive advantages over low temperature studies in the hydrated system. In fact, freezing at cryogenic temperatures protein-water solutions in the presence of co-solvents, like glycerol, leads to the formation of glasses, mixing inevitably temperature and matrix effects. At variance, by controlling the hydration of trehalose matrices, protein dynamics can be retarded by orders of magnitude at constant (room) temperature, allowing to distinguish between temperature and matrix effects on protein reactivity driven by the internal protein motions. The potential of such an approach was first exploited by Eaton and co-workers [14, 15] who, by studying CO recombination after flash photolysis in carboxy myoglobin embedded in a RT trehalose glass, showed that protein-matrix interactions were primarily responsible for trapping of conformational substates and for inhibiting functionally important relaxations in the protein interior, independent of the temperature.
In previous years, we used extensively the incorporation of proteins into trehalose glasses to investigate the role of internal protein dynamics in long-range electron transfer within bacterial photosynthetic reaction centers (RCs). This integral pigment-protein complex represents the simplest photosystem which catalyzes the primary events of photosynthetic energy transduction. Hence, the RC is often used as a model complex suitable for elucidating light-induced electron-transfer processes in the more complex reaction centers of oxygenic photosynthesis. Within the RC from Rhodobacter (Rb.) sphaeroides, following light excitation, a bacteriochlorophyll a special pair (P) delivers an electron to the primary quinone acceptor Q A , generating the charge-separated state
The electron is subsequently transferred to a second ubiquinone-10 molecule, bound at the Q B site, which acts as the terminal electron acceptor (for a review see [16] ). From a driving-force assay it has been concluded that the latter reaction is conformationally gated, i.e., rate limited by a conformational change required before electron transfer [17] . In the absence of Q B , the electron on [18] .
In a previous study we found [19] that a progressive dehydration of the trehalose-RC glass, below 0.07 g of water per g of dry matrix, first affects electron transfer from   A Q to Q B , causing its block in an increasing fraction of the RC population up to a complete RT arrest of the reaction over the whole RC population, similar to what is observed in water-glycerol mixtures at T < 200 K. We ascribed the reversible inhibition of electron transfer to Q B in the trehalose glass to a large increase of the energy barriers between conformational substates which govern the transition probability for gated electron transfer [19] . Upon further dehydration (below 0.03 g of water per g of dry matrix) the kinetics of     A 865 Q P recombination accelerate abruptly and become broadly distributed, mimicking, at RT, the kinetics observed at cryogenic temperatures (T < 100 K) in a glycerol-water mixture [19] [20] [21] .
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This similarity indicates that in RCs embedded in extremely dehydrated trehalose-water matrices thermal fluctuations between conformational substates, as well as relaxation from the dark-adapted to the light-adapted conformation [22, 23] , are largely hindered at RT over the timescale (10 -1 s) of charge recombination. We proposed that a network of hydrogen bonds, involving residual water molecules, connects the protein surface to the trehalose matrix, thereby determining a tight structural and dynamical coupling between the RC and the stiff water-sugar matrix [9, 10, 24] .
In the present work, we have extended the study of trehalose-matrix effects to long-range electron transfer within Photosystem I (PS I), purified from the cyanobacterium Synechocystis sp. PCC 6803. This photosystem is characterized by a much higher structural and functional complexity as compared to the bacterial RC. By incorporating PS I into trehalose glasses at different hydration levels, we aimed at assessing and clarifying the role of the protein/solvent dynamics in governing specific intra-complex electron-transfer steps. Up to now this role has been hypothesized for certain PS I reactions on the basis of low temperature investigations, which suffer from the above mentioned difficulty of separating the temperature and matrix dependence of the electron transfer process. The room temperature "freezing" of conformational dynamics induced by dehydration within dried trehalose matrices represents an ideal tool to probe the static conformational heterogeneity which is expected to determine the electron transfer pathways and rates in such a complex photosystem.
PS I is a key pigment-protein complex of the electron-transfer chain of oxygenic photosynthetic organisms. It includes both a large antenna system for harvesting solar energy and a photochemical reaction center catalyzing stable charge separation across the membrane dielectric (for reviews, see [25] [26] [27] [28] [29] ). The X-ray crystallographic structure of the cyanobacterial PS I (see Fig. 1B ) has been resolved to 2.5 Å resolution [30] , as a large trimeric complex (PS I(tr), 1 MDa). The membrane embedded core of each PS I monomer is formed by the two largest subunits, PsaA and PsaB, which bind electron transfer cofactors arranged in two symmetrical branches A and B, extending from P 700 , a pair of chlorophyll (Chl) a molecules located on the lumenal side, to the interpolypeptide [4Fe-4S]
cluster F X , placed on the opposite stromal side of the complex. Each of the two branches, related by a pseudo-C 2 rotation axis which passes through P 700 and F X , carries two monomeric chlorophyll a molecules (termed A 0A or A 0B ) and one phylloquinone (A 1A or A 1B ). At RT both branches are thought to be active in electron transfer [31] (for reviews see [32, 33] and references therein) with the ratio 80:20% in favor of branch A in cyanobacterial PS I [34] [35] [36] . The degree of involvement of A and B branches into electron transfer in PS I from prokaryotic and eukaryotic photosynthesizing organisms still remains a matter of debate (reviewed in [33] and [32] ). The terminal [4Fe-4S] clusters F A and F B are both bound to the peripheral protein subunit PsaC.
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Following light excitation the excited singlet state of the primary electron donor, Fig. 1C ) [26, 33, 37] .
Whereas the free energy difference ΔG of electron transfer between A 0 and A 1 was estimated to be >420 meV, the ΔG values of further electron transfer to the Fe 4 S 4 clusters fall within 200 meV [32, 33, 38] . The forward reaction from A 1 exhibits a slow kinetic phase for electron transfer from A 1A to F X , with a RT lifetime of 300 ns and an activation energy of 110 meV, and a nearly temperature independent fast phase (11-17 ns) of electron transfer from A 1B to F X [34, 39] [25, 26, 41] . Recombination from the F A /F B clusters was found to be temperature-dependent with an activation energy of 200 mV [42] .
Time-resolved EPR and optical studies revealed a complex behavior of low-temperature PS I photochemistry, characterized by heterogeneity with respect to electron transfer. In particular, illumination at 77 K led to virtually irreversible charge separation between P 700 and F A /F B , in a fraction of the PS I population [43] . In the remaining photoactive subpopulation, the dominating charge recombination occurred from the
700 A P state [40, 44] , with a minor contribution from the     X 700 F P state [44, 45] , suggesting a heterogeneous inhibition of forward electron transfer to the iron-sulfur acceptors. To explain the low-temperature observations, mechanisms were proposed in which the conformational dynamics of a statically heterogeneous PS I complex conditions electron transfer to the iron-sulfur acceptors [25] .
We have tested and investigated at RT the coupling between electron transfer and protein-solvent dynamics by incorporating PS I into trehalose glasses at different hydration levels. Preliminary attempts to study the effect of trehalose glass on the kinetics of charge recombination in PS I were reported previously in the form of abstracts [46, 47] . In the first part of the present work, by using high-field EPR and FTIR spectroscopy we show that functional PS I complexes can be embedded into a structurally and dynamically homogeneous trehalose matrix, which does not significantly distort the molecular configuration of the
700 A P radical pair. Subsequently, the kinetics of charge recombination after a pulsed excitation, consistently probed by time resolved EPR and optical NIR absorption
spectroscopy, have been examined as a function of the hydration of the matrix. The study of charge recombination reactions has provided new information also on the mechanism of forward electron transfer steps to the iron-sulfur acceptors, showing that these processes are critically coupled to the protein/solvent conformational dynamics, being suppressed when the latter are strongly reduced at room temperature by dehydration of the trehalose matrix: Dehydration of the trehalose-PS I glass blocks electron transfer to F A /F B , and, under the most dehydrated conditions, also to the F X acceptor.
When comparing the matrix-effects observed in trehalose-PS I and trehalose-RC glasses, it appears that the control of forward electron transfer to the terminal electron acceptors (iron-sulfur centers or the quinone Q B , respectively) by conformational reorganization is a common property of both photosystems. Taken all results together, we can say that the work presented provides new insights into the important issue of protein-matrix interactions for protein functionality as controlled by hydrogen-bond networks. In trehalose, they lead to a high rigidity of the protein-matrix complex, coming along with extreme stability already at room temperature. Naturally, further studies are needed on this issue, e.g., regarding the molecular interactions to be in control of how deep the rigidity of the trehalose matrix propagates to immobilize the binding sites of the various electron-transfer cofactors inside the protein complex. Work in this direction is in progress in our laboratories.
Materials and Methods
Cell growth and isolation of PS I complexes
A glucose-tolerant strain of Synechocystis sp. PCC 6803 was grown at 30
• C in BG-11 medium under light. Cyanobacterial cultures in late exponential phase were pelleted by centrifugation, washed twice with BG-11 medium, and suspended in 50 mM TRIS buffer (pH 8.1). PS I trimeric complexes were isolated using n-dodecyl-β-D-maltoside (DM) and sucrose gradients as described earlier [48] .
The isolated PS I preparation was resuspended in 50 mM Tris buffer (pH 8.1), containing 0.03% (w/v) DM, frozen as small aliquots with a chlorophyll a concentration of 2 mg mL -1 in liquid nitrogen, and stored at -90 • C. Chlorophyll was extracted from PS I trimers with 80% acetone and determined as described in [49] .
Sample preparation and determination of residual water in trehalose-PS I matrices
Trehalose (>99% purity) was used as supplied by Sigma-Aldrich. The perdeuterated form of the nitroxide radical (3-hydroxymethyl-2,2,5,5-tetramethylpyrrolin-1-oxyl) was synthesized as described previously [50] and kindly provided by Herbert Zimmermann (Max-Planck Institute for Medical
Research, Heidelberg, Germany). Its molecular structure is shown in Fig. 1A .
Trehalose-PS I glassy matrices were prepared following essentially the procedures for the incorporation of bacterial RCs into trehalose glasses [51] , except for lowering the protein concentration in the starting liquid mixture to optimize simultaneously W-band EPR and optical Vitrification was carried out by drying at RT the trehalose-PS I liquid drop, deposited on a 50 mm diameter CaF 2 window, under N 2 flow inside a desiccator for about 4 hours, as described in [52] .
Controlled dehydration/rehydration of the obtained glassy matrices was achieved by the isopiestic method [53] . The optical window on which the solid amorphous sample was formed, was exposed to the desired value of relative humidity r by placing it inside a gastight sample holder, containing at the bottom about 1.5 mL of the appropriate saturated salt solution. The following saturated solutions were employed to obtain at 297 K the r values indicated in brackets [54] : NH 4 NO 3 (63%), Mg(NO 3 ) 2 (53%), K 2 CO 3 (43%), MgCl 2 (33%), LiCl (11%). Both the determination of the residual water contents (see below) and the time-resolved optical absorption measurements (see section 2.4) were performed directly on the sample which was exposed to the saturated atmosphere inside the holder. For EPR measurements, on the other hand, the dehydrated, fragile trehalose-PS I glasses, prepared as described above, were crumbled into small fragments, which could be inserted into the cylindrical quartz capillaries (0.6 mm I.D.) for the W-band EPR cavity. To expose the EPR sample to the required relative humidity, a drop of the appropriate saturated salt solution was inserted into the capillary. It was then sealed and equilibrated for three days before the measurements, as described in [51] .
The water content of the matrices was evaluated from the area under the ( 2 + 3 ) NIR combination band of water at 5155 cm -1 , using an absorptivity value [55] of 102 absorbance unit nm M -1 cm -1 , and following essentially the procedure previously used for trehalose-RC glassy matrices
[20] and RC films [53] . In contrast to the latter system in the case of trehalose-PS I glasses the direct use of a chlorophyll band (e.g., the band at 784 nm) as an internal standard was prevented by the excessive absorbance of the sample, due to the much larger number of chlorophyll molecules per complex. As an internal standard we chose, therefore, the area of the NIR trehalose band at 4760 cm -1 that is attributed to combinations of OH stretching and C-O-H bending modes [56, 57] . The absorptivity of this band was determined by examining a series of trehalose-RC glasses of known trehalose/RC molar ratios. As internal reference the absorption of the RC bacteriochlorophyll band at 802 nm was chosen for which an extinction coefficient of 288  14 mM -1 cm -1 was used [58] . Our measurements on six glasses, differing also in the hydration level, yielded for the trehalose band an absorptivity value (average  standard deviation) of (3.3  0.3) . 10 2 nm M -1 cm -1 .
The FT-NIR absorption measurements for determining the water content of the matrices were performed with a Jasco Fourier-transform 6100 spectrometer, equipped with a DLATGS detector, as described in [53] . 
W-band EPR measurements
High-field EPR measurements were performed with a laboratory-built spectrometer operating at a microwave (mw) frequency of 95 GHz (W-band) and an external magnetic field B 0 of 3.4 T. The spectrometer is optimized for cw and pulse experiments, as described previously [61] [62] [63] . In cw EPR experiments B 0 was modulated at 8 kHz with an amplitude of 30 µT. Low mw power (< 1µW) incident on the critically coupled cavity (mw field amplitude  1 <1.5·10 5 rad·s -1 ) was chosen to avoid saturation. For optical sample irradiation the light was guided to the center of the cavity through a quartz fiber of 0.8 mm diameter. The electron transfer was initiated by singlet excitation of the primary donor P 700 at 532 nm using a frequency-doubled Nd:YAG laser (5 ns pulse length, 1-10 Hz repetition rate, 0.5 mJ/pulse on the sample surface). The transient EPR signals of the short-lived spin-correlated radical pair
700 A P were acquired employing the mw pulse sequence for primary electron spin-echo (ESE) generation. It was applied 400 ns after pulsed laser excitation of P 700 : (t p ) x,-x --(2t p )--echo. The
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10 pulse length t p of the π/2 mw pulses was generally set to 30 ns. To acquire field-swept ESE detected spectra the pulse separation time  was fixed to 150 ns. The charge-recombination kinetics data were obtained for
with thermally equilibrated spin polarization by recording its transient EPR absorption, after a laser flash, using 30 kHz field modulation and lock-in detection with different time resolutions (from 50 µs to 10 ms). The EPR kinetics were acquired using different repetition frequencies of the exciting flash (always lower than 1 Hz), and up to single shot without averaging for time scales above 1 s. Temperature control was achieved by a gas-flow cryostat housing the cavity probehead. Simulation procedures and analysis of the nitroxide radical EPR spectra were performed using the EasySpin toolbox for the Matlab program package [64] .
Time-resolved near-infrared optical spectroscopy
The kinetics of charge recombination were studied by recording the transient absorption changes of P 700 at 820 nm. They were measured from the s to second time range using a single-beam 
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(53 L) of a concentrated suspension containing 1.2 mM of PS I Chl-a, 330 mM TRIS-HCl, pH 7.5, 0.52% (w/v) n-dodecyl -D-maltoside, 66 mM Na-ascorbate, 66 M DCPIP was added to 647 L of water extensively bubbled with Argon gas and the cuvette was tightly sealed with a Teflon cap.
Numerical analysis of recombination kinetics
In the analysis of complex decay kinetics, regularization algorithms that yield quasi-continuous lifetime distributions offer a significant advantage over the commonly used unconstrained best fitting, based on non-linear least-squares ( 2 ) minimization, of the experimental data to the sum of discrete exponential processes, because the number of kinetic phases does not need to be specified in advance.
Two approaches were employed in the present study, the Tikhonov-Phillips regularization [65] , implemented in the program CONTIN [66] , and the Maximum Entropy method, used in the program MemExp (version 4.0) [67, 68] .
In essence, CONTIN minimizes the sum of the squares of the second differences (discretized form of the second derivative) of the distribution, while MemExp maximizes the Shannon informational entropy of the distribution, while minimizing the reduced  2 of the corresponding kinetics. For both algorithms the solution obtained with a given quality of fit (sum of residuals) is unique.
The regularizator used by CONTIN "binds" together adjacent exponential components, smoothing the resulting sum spectrum, which is a reasonable assumption in biological systems, where distributed kinetics are expected. CONTIN initially creates the reference solution with ordinary leastsquares algorithms, which typically leads to overfitting of the data noise. Then for each of the produced solutions with different regularization values CONTIN calculates the probability that the tested solution is worse than the reference one (in terms of  2 between the solution and the data) due to random noise alone. The solution with this probability closest to 0.5 is then selected in accordance with the original approach [66] .
MemExp determines the lifetime distribution by an iterative, second-order optimization of the entropy S, subject to constrained values of the  2 . The constrained optimization is essentially achieved by maximizing the function Q=S− 2 , where  is a Lagrange multiplier. During Newton-Raphson optimization of Q followed by adjustment of the Lagrange multiplier, the lifetime distribution evolves from a flat distribution into a series of maximum-entropy distributions which become progressively structured as  2 decreases. In the iterative calculation the selected distributed fit is the last for which both  2 and the correlation length of the residuals have decreased by more than 1% from the preceding distribution [67] . A detailed MemExp documentation can be found at https://cmm.cit.nih.gov/memexp/memexp_4pt0/.
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Both methods, when discretizing the integral of the continuous lifetime distribution (see eq. 1 in 
Results and Discussion
Dehydration/rehydration of trehalose-PS I matrices under controlled relative humidity
Previous studies have demonstrated that the structural and dynamical organization of trehalose amorphous matrices depends critically upon their hydration state [51] , and that this parameter in turn strongly affects the dynamical coupling between the embedded protein and the matrix (for a review, see [9] ). The determination of the residual water content in the protein-disaccharide glass, and a reliable control of its hydration state, play therefore a pivotal role for any matrix-effect study. As described in section Material and Methods, we have determined the content of residual water by FT-NIR spectroscopy. We controlled the hydration state of the trehalose-PS I glasses over a wide range by exposing the system to an atmosphere of definite relative humidity r, obtained by gaseous equilibration with different saturated salt solutions. Figure 2 shows the time course of the water content of a trehalose-PS I matrix during incubation at r = 11%, followed by its rehydration upon successive exposures at increasing relative humidity, from r = 33% to r = 63%. The kinetics of dehydration is strongly non-exponential: Dehydration to 9 . 10 -2 g of H 2 O per g of dry matrix (corresponding to 1.8 water molecules per trehalose) occurs in about two days. Subsequent incubation at r = 11% causes a very slow further release of water leading, after about three months, to a steady level of 2.5 . 10 -2 g of H 2 O per g of dry matrix (corresponding to 0.5 water molecules per trehalose). Nonexponential kinetics, previously reported for polymeric and amorphous systems, have been proposed to reflect diffusion limited desorption processes (see [48] and reference therein). Besides this nonexponential character, the extremely slow dehydration phase observed in the trehalose-PS I glass appears to reflect the release of a water population strongly bound to the bulk sugar matrix and/or to the protein-detergent complex.
When switching from r = 11% to r = 33%, the hydration of the sample increases monotonically reaching a steady value in about 6 days. At variance, following the transitions to higher relative humidity values, the time course of the hydration levels exhibits spikes, which increase in amplitude upon increasing the r values. It appears that under these conditions transient hydration levels,
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13 exceeding the ones reached at equilibrium, are attained, possibly due to the different time-scales over which water adsorption at the surface and diffusion inside the bulk glass occurs. per g of dry matrix. The change in slope of the equilibrium absorption isotherm occurs at water contents which correspond to the slow phase of the dehydration kinetics (see Fig. 2 ), supporting the view that below r = 33% (i.e., below 0.05 g of H 2 O per g of dry matrix) a hindered release of tightly bound water molecules takes place.
The equilibrium hydration level at r = 11% (0.5 H 2 O/trehalose) compares well with those determined at the same r value in binary trehalose-water glassy matrices [51] and in a trehalose-RC glass with a sugar/protein molar ratio of 5 . 10 3 [52] . This suggests that, at high sugar/protein molar
14 ratios and low values of relative humidity, the presence of a large protein complex like the PS I trimer has only negligible effect on the affinity of the matrix for water.
Structural and dynamical characterization of trehalose-PS I glassy matrices by EPR
As discussed in the Introduction section, high-field W-band EPR spectroscopy is distinguished over standard X-band EPR by providing valuable high-resolution information on the structural and dynamical organization of binary disaccharide-water systems even in the amorphous solid state [51] .
Analysis of the room-temperature EPR spectrum of a nitroxide radical dissolved in a dehydrated trehalose matrix, equilibrated at r = 11%, has demonstrated that upon extensive dehydration trehalose forms a highly homogeneous amorphous phase in which the residual water and hosted nitroxide molecules are uniformly distributed. Additionally, it has been shown that the rotational mobility of the guest nitroxide probe is dramatically restricted at RT, to an extent comparable to that observed at cryogenic temperatures (T <150 K) [51] . The incorporation of a protein within the trehalose glass can in principle perturb the structural and dynamical characteristics of the matrix, e.g., by affecting its homogeneity, particularly in the case of a large integral membrane protein, such as the trimeric PS I surrounded by its detergent belt. Therefore, we have compared the W-band EPR spectra of perdeuterated nitroxide radicals dispersed in dehydrated trehalose matrices in the absence and in the presence of embedded PS I(tr) complexes, varying the sugar/protein molar ratio. The microenvironment of the nitroxide spin-probe is highly homogeneous, as follows from the fact that each EPR spectrum can be simulated using a unique set of magnetic interaction parameters (g ii ,
A ii ). The spectra were calculated by solving numerically the spin Hamiltonian including nuclear Zeeman and quadrupole terms. A multi-parameter fitting of the calculated spectra to the observed ones These conclusions have been confirmed by studying a series of trehalose-PS I glasses characterized by sugar/protein molar ratios m ranging between 0.6 . 10 5 and 5.4 . 10 5 (see Fig. 3B ).
Besides changing the values of m, we also amended the PS I suspension, from which glasses were
formed, by sodium ascorbate and DCPIP (see Materials and Methods). These reducing agents have been used at the appropriate concentrations when studying the kinetics of charge-recombination processes after a laser pulse in trehalose-PS I matrices (see also section 3.3). This was done in order to fully reduce the primary electron donor cation   700 P in the dark, thus obtaining fully photoactive samples. By applying the same reducing procedure for measuring the EPR spectra of the nitroxide radical we aimed at probing the structural and dynamic characteristics of the trehalose-PS I matrices under the same conditions prevalent in the optical kinetic experiments.
The addition of the reducing agents had, however, a drawback: it caused a strong decrease of the amplitude of the nitroxide EPR signal, due to partial reduction of the nitroxide radical to diamagnetic hydroxylamine. In spite of this, as shown in Fig. 3B , informative spectra of the spin probe could be observed with a rather good signal-to-noise ratio. The fraction of nitroxide radicals, which survived the sample preparation procedure in the presence of sodium ascorbate and DCPIP, can be estimated to A second point we have addressed concerns the reverse side of the mutual protein-matrix interaction discussed so far, i.e., the possibility that the extensively dehydrated, stiff trehalose matrix perturbs in turn the structure of the PS I complex, altering in particular distance and relative orientation of its cofactors. Obviously, such structural matrix effects would be relevant for the kinetics of electrontransfer processes. The structural configuration of two key cofactors of the PS I complex, i.e., the primary donor P 700 and the quinone acceptor A 1 , can be conveniently probed by examining the spinpolarized EPR spectrum of the radical pair created in the pure singlet electronic state taken before thermalization of the spin system has occurred, i.e., before Boltzmann equilibrium of the spin populations has been reached. Electron spin polarization can be observed by transient EPR methods provided the lifetime of the radical pair and/or the electron spin-lattice relaxation times of the individual pair partners are long enough compared to the EPR detection time [70] . This polarization phenomenon is well accounted for by the correlated-coupled-radical-pairs (CCRP) model [70, 71] . In solid amorphous samples, the transient EPR lineshape, determined by the magnitude and sign of the dipolar coupling of the two electron spins, is sensitive to the relative orientation and distance of the radical-pair partners. A lineshape analysis reveals, therefore, these important structural parameters of the donor-acceptor spin system.
In Fig. 4 the W-band EPR spectra of the spin-correlated radical pair The results presented so far show that dry trehalose-PS I glasses, equilibrated at r = 11% and characterized by m values in the 10 4 -10 5 range, represent a homogeneous amorphous system which is well defined in terms of hydration. Remarkably, the embedded PS I complexes fully retain their photoactivity at RT and preserve it for long periods of time (at least for two months).
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18 The kinetics of   700 P decay after pulsed photoexcitation are also independent of the protein concentration in the glassy matrix over the m range examined. The described trehalose-protein system appears, therefore, to be well-suited for investigating the effects of matrix hydration on the kinetics of charge-recombination processes. The hydration state of the matrix is known to govern the dynamical properties of the glassy system [51, [73] [74] [75] . Such hydration effects largely modulate the protein-matrix coupling, as was shown earlier for a simpler photosynthetic protein system like the bacterial RC [19-21, 24, 76] .
19 EPR signals were obtained using a different time resolution for the different time windows (i.e., 50 s for 0 < t < 100 ms; 1 ms for 100 ms < t < 900 ms; 10 ms for 900 ms < t < 5s). Note the logarithmic time scale. what is observed in PS I solutions [37] , the recombination kinetics extend at least over more than three orders of magnitude, and include phases distributed on different timescales.
A C C E P T E D M A N U S C R I P T
The large dehydration-induced acceleration of the transient-EPR detected charge-recombination kinetics prompted us to systematically study its dependence on the hydration level of the PS Itrehalose glass with better time resolution. To this end, we have chosen to record the decay of   700 P after a laser pulse by optical absorption spectroscopy, rather than by transient EPR, in view of (a) the better time resolution of about 20 s; (b) the possibility of evaluating, in parallel with kinetic measurements, the residual water content of the matrices, equilibrated at different relative humidity values, by NIR spectroscopy using the water ( 2 + 3 ) combination band. The water content could not so easily be estimated directly by this approach in the 0.6 mm cylindrical sample capillaries used for
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21 the W-band EPR measurements, because of problems with light scattering by the sample fragments present in the narrow capillaries (see Materials and Methods). Figure 7 shows the decay of   700 P after a laser pulse, as measured at RT by the optical absorption change at 820 nm, in solution and in a trehalose-PS I glassy matrix at different hydration levels. The matrix has been dehydrated by equilibration at r = 11% (see Fig. 2 ) and progressively rehydrated up to r = 63%. To test data reproducibility, additional trehalose-PS I glasses have been prepared and equilibrated at selected r values between 11% and 63%. The obtained kinetics of As expected from the EPR results (see Fig. 6 ), the hydration of the matrix dramatically affects charge recombination. While incorporation into a wet matrix (r = 63%) has a small effect, dehydration from r = 63% to r = 11% decreases the overall half-time of the decay by two orders of magnitude.
The effect of dehydration on the charge-recombination kinetics in trehalose-PS I glasses
Because of the lower time resolution of transient EPR, a precise comparison between the kinetics acquired by EPR (see Fig. 6 ) and by NIR absorption spectrometry (see Fig. 7 ) is problematic.
Particularly for the fastest decay (r = 11%), an accurate determination of the maximal EPR signal amplitude at t = 0 is not feasible. Nevertheless, the overall acceleration of recombination kinetics, when dehydrating from r = 43% to r = 11%, is similar in both experiments (as judged from the halftime of the decays), demonstrating that the dehydration effect is consistently probed by EPR and optical spectroscopy. Our attempt to overlay corresponding decay traces acquired by the two methods through appropriate normalization (not shown) confirms this agreement. It indicates, however, slightly slower EPR decays under the driest conditions (r = 11%). We suppose that this is due to a slightly higher value of r reached during incubation with saturating salt solutions in the narrow EPR capillaries than that obtained within the wider sample holder for optical measurements. - [37] . Each of these back-reactions exhibits a biexponential character, suggesting the presence of different PS I conformational states [37] . The large conformational heterogeneity of PS I, giving rise to multiphasic kinetics, has been additionally revealed by low-temperature investigations (see e.g., [40, 44] ).
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22 (b) Highly distributed kinetics are generally observed at low temperature in aqueous cryosolvent glasses [77] or at RT when the protein is embedded into trehalose glasses [14] , due to the strongly retarded interconversion between conformational substates. Under these conditions, the trapping of the protein over a large ensemble of conformational energy minima, characterized by different reaction rates, can be observed on the timescale of the reaction.
In principle, the kinetics N(t) of Fig. 7 could be fitted to the sum of discrete exponential decays or power laws reflecting the contributions of charge recombination from any iron-sulfur cluster (F X , F A or F B ), as well as from the phylloquinone acceptors A 1 in each of the two symmetrical cofactor branches A and B [29, 40, 41] . However, we do not have any preliminary independent information on the number of kinetic phases, nor on the extent of their distribution. Unfortunately, several fitting solutions exist with different kinetic parameters, making such a fitting physically meaningless.
Therefore, we prefer to describe N(t) with a continuum distribution f() of lifetimes , defined on a logarithmic scale [78] , 
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ACCEPTED MANUSCRIPT 23 and to obtain f() by numerical inversion of Eq. 1. This strategy has the advantage that no a priori assumption is needed on the number of kinetic phases and on the functional form of the distribution.
However, the numerical computation of f(), i.e., the inverse Laplace transformation of a set of kinetic data N(t), that is inevitably noisy and incomplete, is ill-conditioned and can lead to significant ambiguity in f() [79] . To overcome this problem, we inverted Eq. 1 by using in parallel two software packages (MemExp [67, 68, 80] and CONTIN [66] ) based on different regularization algorithms (see Materials and Methods). By and large, the results of the MemExp and CONTIN kinetic analyses were rather similar, with some notable differences outlined further down in the text. Tables 1 and 2 for the distributions yielded by MemExp and CONTIN, respectively.
In solution, the lifetime distribution is dominated by a kinetic phase centered at  100 ms, accounting for 60-70% of the decay, which can be attributed to recombination from the
-state [37] . The slowest Gaussian phase at  0.5-0.6 s (phase 6 in Tables 1 and 2 ), can be ascribed to the reduction of   700 P by reduced DCPIP [37] . The presence of this very slow phase (see Fig. 7 
The distribution f() obtained in the most hydrated trehalose-PS I glassy matrix (r = 63%) is still dominated by a peak in the timescale of hundreds of ms ( 250 ms), attributed to
recombination. Similarly to what is observed for PS I solution, the f() distribution obtained by
MemExp exhibits also two faster minor phases, with  in the timescale of 10 2 s and 1 ms (see Table   1 ), ascribed to recombination from the
700 A P and     X 700 F P states, respectively. The CONTIN analysis yields comparable results. The contribution of the additional peak at  4 ms is negligible (1%) (see Table 2 and Fig. 8) ). Both methods of analysis reveal a fourth Gaussian phase of small amplitude, at  30-50 ms, which is ascribed to
-recombination. (Fig. 8B) , to the sum of Gaussian components. It is noteworthy that several features of f() differ significantly in the wet-glass and liquid samples: (a) The slowest peak detected in the solution, with  0.5 s, disappears in the glass, indicating that reduction of -and to     X 700 F P recombination become much broader in the glass (see Fig. 8 and Tables 1 and 2 ). This is consistent with the notion that thermal fluctuations between PS I conformational substates are strongly retarded in the trehalose glass. As a consequence, the averaging of the structural heterogeneity of the protein, taking place in solution on the timescale of electron-transfer, occurs to a much lesser extent in the glass, resulting in broader lifetime distributions.
Such a broadening has been observed previously for the
RCs embedded into dehydrated trehalose glasses [20] . (c) As compared to solution, the recombination kinetics of the
-state is not only more distributed but also markedly slowed down in rate (see Fig. 8 and Tables 1 and 2 ). This suggests that the wet-trehalose glassy matrix primarily restricts the mobility of the outermost regions of the protein complex and increases the energy barriers governing the RT recombination rate ( [25] and refs. therein). Note that a similar retardation of the
-recombination rate was observed at 230 K in the fully hydrated PS I complex (i.e., in a waterglycerol glass) [42] .
When proceeding from hydrated (r = 63%) to extensively dehydrated conditions (r = 11%), the distribution undergoes deeper changes. Qualitatively the contribution of the faster phases increases at the expense of the slower ones (see Fig. 8 ). Under strongly dehydrated conditions (r <43%), the fastest peak (80 s<<160 s) becomes more pronounced.
In Tables 1 and 2 . Figure 9 shows the relative contributions of these phases, grouped as described above, as function of dehydration. Notably, the results based on CONTIN (squares) and MemExp (circles) analyses are largely similar. The contribution of the slowest phases (4 and 5) falls sharply at r <53%, simultaneously with the rise of the intermediate phases (2 and 3) . The fastest phase 1 increases at r <43%.
The overall evolution of the lifetime distribution in the glass (Figs. 8 and 9 ) strongly suggests that dehydration of the matrix causes primarily a progressive arrest of forward electron transfer to F A /F B in an increasing fraction of the PS I population, as shown by the decrease in the contribution to the back reaction of the slowest phases (4 and 5). The increasing contribution, at r <43% , of the fastest phase suggests that, at lower content of residual water, also the forward electron transfer to F X is blocked in an increasing PS I sub-population.
The kinetic phases attributed to the recombination from the     X 700 F P state (phases 2 and 3 with mean lifetimes of ~2 and ~10 ms, respectively) demonstrate a complex response to dehydration. The slower phase 3 contributes significantly to the kinetics only under dry conditions, at r 43%: At higher humidity, according to MemExp this phase is absent, and according to CONTIN its contribution is consistently negligible (<3%) (see Tables 1 and 2 ). At the lowest humidity, r = 11%, an additional phase, characterized by  0.5 ms, is resolved by MemExp. This observation indicates a growing heterogeneity of the PS I conformational energy landscape. The heterogeneity may be caused by depletion or immobilization (see below) of water molecules belonging to one or both of the symmetrical intraprotein water clusters located between A 1A /A 1B and F X [30] , resulting in asymmetrical water allocation or dielectric properties in this protein region. Since at RT recombination from     X 700 F P most likely occurs through thermal repopulation of A 1A /A 1B [38] rather than directly to given in Fig. 8 , as a function of the relative humidity r. At each r value, f() has been fitted to the sum of Gaussian sub-distributions (see Tables 1 and 2 for the values of the best fitting parameters). The label sol stands for solution. The relative contributions of the fastest phase (phase 1 in Tables 1 and 2 As to the recombination from the
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-state, two distinct phases are present at all levels of hydration (phases 4 and 5 in Tables 1 and 2 , with mean lifetimes of ~56 ms and ~330 ms). As discussed above, at r <53%, the total contribution of these phases decreases (Fig. 9) . Interestingly, following dehydration from r = 63% to 33%, the amplitude of phase 4 increases at the expense of phase 5 (see Tables 1 and 2 ). The electron balance between F A and F B clusters is not clearly understood yet, which makes it difficult to ascribe recombination kinetic phases to the back reaction from one or the other cluster [40] . However, it seems reasonable to associate the appearance of the faster phase 4 in the trehalose glass with recombination from the proximal cluster F A . The increase in the contribution of this phase at the expense of the slower phase 5, which can be attributed to the distal
cluster F B , suggests that progressive dehydration of the matrix precludes primarily the reduction of the distal F B center, and only under the driest conditions the electron transfer to the proximal F A cluster is blocked. This is consistent with the expectation (see below) that hardening of the hosting trehalose matrix upon dehydration reduces primarily the dynamics of outer protein regions closer to the proteinmatrix interface.
In general, the effects of trehalose-matrix dehydration on the charge recombination resemble those observed in a glycerol-water mixture upon decreasing the temperature down to cryogenic values.
At 77 K, about 45% of the photoinduced   700 P signal decayed in the submillisecond time domain; this kinetic component was attributed to a PS I subpopulation frozen in a conformational substate for which electron transfer to F X is blocked [40] . A second PS I fraction (20%) was identified at 77 K, in which charge recombination occurred with complex kinetics from the At variance with low-temperature studies, we did not detect any significant changes in the total amplitude of the flash-induced absorption changes upon dehydration and rehydration of the samples (not shown), which reveals a lack of irreversible electron transfer to F A F B .
The appearance of subpopulations, characterized by distinct distributed electron transfer kinetics or even by inhibition of specific electron transfer steps (inhomogeneous inhibition), appears to be a general phenomenon, observable in photosystems embedded in dehydrated trehalose matrices at room temperature as well as in low-temperature glycerol-water glasses. The current interpretation for this behavior rests on the notion that proteins have a large number of conformational substates, many of which are almost iso-energetic (static structural heterogeneity) (for a review, see e.g. [82] ). In RT solutions the protein rapidly samples this complex energy landscape by continuous jumps among the different conformations, thus averaging its static structural and kinetic heterogeneities. In lowtemperature hydrated glasses or in RT dehydrated trehalose matrices, due to inhibition of interconversion between conformational substates, thermal averaging is hampered, giving rise to
30 distributed kinetics and freezing the protein over different conformational states, which will result in kinetically distinct subpopulations.
The close similarity between the effects of low temperatures on electron transfer in PS I waterglycerol systems and the effects of dehydration in RT trehalose-PS I glasses has been previously observed in the case of bacterial RCs [19] . The analogous effects observed in dehydrated trehalose-RC and trehalose-PS I glasses show that in both photosystems the protein conformational dynamics play a critical role in promoting forward electron transfer to the final acceptors. It has been in fact firmly established that dehydration of the trehalose-protein glass leads to a progressive reduction of protein conformational dynamics, caused by the dynamical coupling between the protein and the increasingly stiffened sugar matrix [19-21, 52, 76] (see Introduction). In particular, it has been proposed [9, 24] that the protein-matrix coupling is governed by a network of hydrogen bonds that connect surface protein residues and matrix trehalose molecules, mainly involving residual water molecules as mediators at the protein-matrix interface. Such a network of multiple H-bonds tightly locks the protein surface to the solid matrix under extensive dehydration (anchorage hypothesis) [9, 10, 24] . The surface constraints
propagate into the interior of the protein through residue-residue and protein-cofactor interactions, also involving bound water molecules located in protein clefts and channels. The internal protein rigidity is therefore expected to be shaped by the hydration of the trehalose glass in such a way that the dynamics of the peripheral protein regions, close to the trehalose-coated protein surface, are more strongly hindered even in relatively wet glassy matrices, and that only a higher stiffening of the protein surface, at very low contents of residual water, may eventually affect the dynamics of the inner regions of the complex.
The effects of dehydration observed in the trehalose-PS I system appear consistent with this view. In fact, even a moderate dehydration (63%< r <43%) affects the electron-transfer processes which involve the terminal Fe 4 S 4 clusters F A and F B , bound to the peripheral protein subunit PsaC:
Incorporation of PS I into the trehalose glass at r = 63% significantly slows down recombination from
-state. And, at lower hydration (r = 43%), forward electron transfer from the photoreduced F X center, located on the interface between PsaC and the heterodimer of PsaA and PsaB, appears to be blocked in ~40% of the PS I population (see Fig. 9 ).
As expected, only under more extensive dehydration of the matrix the electron-transfer reactions involving the redox cofactors located more deeply inside the protein are affected: (i) The electron transfer from the photoreduced phylloquinone state becomes more pronounced. These effects may be related to the smaller amount of water molecules and the larger hydrophobicity of the inner protein domains in PS I [83] . It is worth mentioning that effects (i) and (ii) appear at r <43%, when a change in the slope of the
water absorption isotherm is observed (see section 3.1 and Fig. S3 ). Below r = 43% the removal of residual water appears to be hindered, showing that water molecules more tightly bound to the trehalose matrix and/or to the protein are being removed.
The lifetime of     1 700 A P recombination increases upon decreasing the temperature, from <0.15 ms at RT [37] to ~0.3 ms at 77 K [40, 84] . In contrast, no systematic changes are detected upon dehydration of the trehalose-PS I matrix, both with regard to lifetime and distribution width of this electron-transfer process (see Fig. 8 and Tables 1 and 2 ). This is consistent with the observation that the W-band EPR spectrum of the spin-correlated
700 A P radical pair is insensitive to incorporation of PS I into the dehydrated trehalose matrix, indicating that the molecular configuration of the transient radical pair is not altered. We take the view that also the dynamics of the innermost region of the large PS I complex, where the binding site of the quinone cofactor is located, is not significantly affected by the trehalose matrix, even at the lowest hydration level tested in our study. Alternatively, this observation could reflect a very limited involvement of internal protein dynamics in
recombination, consistent with the high rigidity of the protein environment hosting these cofactors, as probed by molecular dynamics simulations [35] .
To explain the heterogeneity of PS I electron transfer at cryogenic temperature and, in particular, the inhibition of forward electron transfer to the iron-sulfur centers, models have been proposed, which involve a distribution of conformational substates. They differ in the free energy of the radical pairs, as well as in the freezing of nuclear coordinates coupled to the electron-transfer process, resulting in modifications of the associated free energy change [25, 81] . In line with such a proposal, the appearance of heterogeneous electron transfer was found to correlate with the glasstransition temperature of the medium [40] . The results of our study, performed in room-temperature glasses, unambiguously demonstrate the critical role of conformational dynamics in governing electron transfer to the iron-sulfur centers. immobilization (or even partial deletion) of water molecules from the clusters around A 1 and F X may play a role in the dielectric stabilization of the photoreduced F X . Since the dynamics of the protein and its hydration shell are thought to be intimately connected (see e.g., [85] ), the relaxational dynamics considered above (points (i) -(v)) are strictly correlated and are likely to be concomitantly affected in the trehalose glass matrix.
Recent theoretical work on the dynamics of intraprotein electron transfer has focused on the electrostatics of the protein-water interface [86, 87] . Molecular dynamics simulations have shown that hydrated redox-active proteins are specifically characterized by large-scale dipolar fluctuations of the hydration water, which correlate with fluctuations of the protein dipole. Additionally electrostatic fluctuations, dominated by a slow (1 ns) component, are highly non-Gaussian and freeze at the temperature of the dynamical transition of proteins [87] . These properties of the protein-water interface have been proposed to largely control the energetics of electron transfer processes occurring on the ns timescale and above [86] . Interestingly, this is the timescale of forward electron transfer to the ironsulfur centers, which we found to be inhomogeneosly blocked when the dynamics of the hydration shell is progressively frozen within the dehydrated trehalose glass.
Conclusions
A first systematic spectroscopic study of the large trimeric PS I membrane protein complex embedded in trehalose matrix under controlled hydration conditions has been presented. The reported NIR and high-field EPR results demonstrate that the dehydrated trehalose matrix of PS I strongly affects those slow collective protein internal motions that are coupled to long-range electron transfer.
This suggests that the strong dynamical constraints, introduced at the surface of the protein-detergent complex by interactions with the trehalose sugar matrix, propagate over long distances (several nm) to the inner regions of a large protein complex. The hydration state of the trehalose matrix governs both its rigidity and the protein-matrix dynamical coupling, so that two hydration regimes can be identified:
(a) At residual water contents between 0.14 g and 0.07 g of water per g of dry matrix, only electron transfer is affected involving the terminal iron-sulfur acceptors F A /F B , bound to the peripheral subunit PsaC. In strongly hydrated glasses (r = 63%), the only matrix effect is a slowing down of the recombination from the This would minimize the effects of the trehalose matrix which is known to mainly affect largeamplitude, anharmonic conformational dynamics.
The results of this RT trehalose-PS I study strongly support the notion that protein/solvent dynamics play an essential role in electron transfer from the photoreduced A 1 cofactor to the ironsulfur clusters. Our data suggest that photoreduction of the terminal acceptors is stabilized by dielectric relaxation and fast interconversion among PS I conformational substates. The different conformers, trapped at RT in extensively dehydrated trehalose glasses, are unlikely to reflect local heterogeneities of the glass matrix. This is because the W-band high-field EPR spectrum of a nitroxide spin probe, dispersed in dehydrated trehalose-PS I glasses, demonstrates a highly homogeneous structural organization of the protein-sugar matrix. The different conformers immobilized ("frozen") in dry RT trehalose glass appear, therefore, to reflect the genuine static heterogeneity of the PS I complex, which was previously suggested by low-temperature studies of the hydrated system in an aqueous cryosolvent [25] . As compared to low-temperature studies in the hydrated PS I complex, the use of dehydrated trehalose matrices has allowed us to trap at RT new conformers, in which most likely forward electron transfer to either F A or F B occurs, and recombination pathways from Remarkably, as shown by the full reversibility of the observed matrix effects, the PS I complex within the trehalose glass retains its structural and functional integrity for at least several months at room temperature. Thus, the trehalose matrix provides a convenient, stable system for studying function-dynamics relationships of large protein complexes under controlled water content of the microenvironment.
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ACCEPTED MANUSCRIPT 34 We emphasize that photosynthetic reaction centers, and in particular PS I, are optimal protein systems for an understanding of the role of different protein motional modes on protein function. They exhibit in fact a series of electron transfer processes, which can be followed easily, and which operate on different time scales, from sub-picoseconds to seconds. Low-frequency modes of proteins are particularly interesting, because they are related to functional properties. For example, it is believed that low-frequency collective modes are responsible for conformational energy and electron transfer in many biological processes. The coupling between such electron transfer processes and specific protein dynamics can be ideally investigated by incorporating the protein into room-temperature trehalose glasses. Dried trehalose matrices have been shown to affect selectively different protein motions:
Large scale, anharmonic motions are more strongly reduced than faster harmonic vibrations, as revealed by Mössbauer spectroscopy [11] and neutron scattering studies performed in trehalose-coated co-ligated myoglobin [12] .
In the light of these observations the results of the present study suggest that electron transfer to the terminal acceptors is primarily governed by collective low-frequency modes. We expect that information on the role of faster motional modes, in particular involving water molecules, will be provided by additional studies focused on fast primary electron transfer processes. Fast EPR and optical experiments along these lines, on bacterial RC and PS I complexes, are in progress in our laboratories.
The studies on function/dynamics relationship discussed in the present work and continued in our on-going work are embedded in the fundamental issue of what is the role water plays to sustain the biochemistry of the living cell. Over the past few decades it has become clear that water is not simply "life's solvent", but is indeed a matrix that actively interacts with biomolecules in complex ways for survival. The rationale for the distinguished role of molecular water in proteins rests on the spatially extended network of hydrogen bonds interacting with the surface of the protein. By modulating the interface between protein and solvent matrix, a new type of water is generated, "interface water" of the hydration shell, with properties fundamentally different from "bulk water", i.e., normal liquid water [88] . There is good physical reason to regard the solvent-solute interactions, and the way they shape and manipulate the hydration shell, as essential ingredients for protein function. We conclude by quoting Philip Ball at Nature [89] : "Moreover, the structure and dynamics of this hydration shell seem to feed back onto … the proteins themselves so that biological function depends on a delicate interplay between what we have previously regarded as distinct entities: the molecule and its environment.
Many proteins make use of bound water molecules as functional units … to mediate interactions with other proteins or … to transport protons [and electrons] rapidly to locations buried inside the protein."
